We report pseudopotential density-functional calculations of the ''3 Â 1'' phase of the Ba/Si(111) surface. To resolve the coverage issue of the Ba/Si(111) surface, we investigate various structural models with two Ba coverages: 1/3 ML and 1/6 ML. Based on the comparison of the simulated STM images for two coverages and the experimental images, it is found that the ''3 Â 1'' phase has 1/6 ML Ba and a 3 Â 2 structure with the honeycomb chain-channel Si reconstruction. The substrate reconstruction is quite similar to the Si(111)-3 Â 1 surface induced by 1/3 ML alkali-metals. The experimental semiconducting band gap is well reproduced by the LDA band structure.
Introduction
One of the interesting examples for the reconstructed surfaces is the Si(111)3 Â 1 phase which is commonly induced by a variety of metals such as alkali metals (AM = Li, Na, K, Rb) and alkali-earth metals (AEM = Mg, Ca, Ba). These metal-adsorbed Si(111) surfaces are important as prototypes of studying the metal/semiconductor system. Also, it is worth investigating these systems since they show unique electronic and chemical properties such as large surface band gap and chemical passivation against oxidation, which can be useful for application to the semiconductor industry.
The structure of the AM/Si(111)-3 Â 1 reconstruction was recently established 1, 2) through the decade-long debates (see the references in ref. 1) . The AM/Si(111)-3 Â 1 reconstruction adopts the so-called honeycomb chain-channel (HCC) structure. The AM atoms of 1/3 monolayers (ML) (one metal atom per 3 Â 1 unit cell) are located in the channels and form linear chains. The surface was found to be semiconducting, in accordance with the one-electron picture.
Adsorption of alkaline-earth metals on the Si(111) surface was also known to induce the 3 Â 1 phase, as observed in low-energy electron diffraction (LEED). [3] [4] [5] It has been suggested that the AEM/Si(111)-3 Â 1 phase has the same reconstruction and metal coverage as the AM/Si(111)-3 Â 1 surface. 3, 6) If this is the case, the AEM/Si(111)-3 Â 1 surface should be metallic within the one-electron picture due to one additional electron from AEM adsorbate. 1) However, the surface was found to be semiconducting 7, 8) Indeed, a Â2 periodicity in the empty state scanning tunneling microscopy (STM) images was observed, while it was not observed in LEED. [8] [9] [10] [11] These facts may imply that the AEM/Si(111) surface has a 3 Â 2 structure.
Recently, the structure of the Ba/Si(111) surface was studied to confirm the Ba-induced Si(111)-(3 Â 2) reconstruction. 12) In this paper, we present the detailed results of ab initio calculations for the atomic and electronic structure emphasizing the determination of Ba coverage of the Ba/Si(111) surface. We investigated two cases having the 1/3 ML Ba coverage and the 1/6 ML coverage, respectively. Based on the careful comparison of the simulated and the experimental STM images, we were able to reaffirm that the ''3 Â 1'' surface indeed has a 3 Â 2 structure with the HCC Si reconstruction and 1/6 ML Ba. The experimental semiconducting band gap is well reproduced by the LDA band gap. The calculation methods are presented in the next section, and results and discussion are followed.
Calculation Methods
To investigate the HCC model with 1/3 ML or 1/6 ML Ba for the Ba/Si(111)-3 Â 2 surface, we have performed ab initio calculations within the local density approximation (LDA) using the Vienna ab initio simulation package (VASP). 13) Plane waves up to an energy of 150 eV are included to expand the wave functions, and the atoms are represented by ultrasoft pseudopotentials as provided with VASP. 14) In the surface calculation the theoretical lattice constant (5.39 # A) is used. The Ba/Si(111)-3 Â 2 surface is modeled by a slab which is composed of a Ba atom, eight Si atoms forming HCC, four Si layers, and an H layer passivating the bottom surface. The atomic positions at the bottom Si and H layers are kept fixed. For the Brillouin-zone integration we use a 2 Â 3 Â 1 grid in the Monkhorst-Pack special point scheme. A Gaussian broadening with a width of 0.02 eV is used to accelerate the convergence in the kpoint sum. We determine the relaxed atomic positions by minimizing the energy and Hellmann-Feynman forces: Atoms are relaxed with a residual force smaller than 0.01 eV/ # A. With the use of the self-consistent Kohn-Sham eigenvalues and wavefunctions, the constant-current STM images are simulated within the Tersoff-Hamann scheme.
15) The tunneling current Iðr; AEVÞ is proportional to the energyintegrated local density of states:
where þV and ÀV represent the sample bias voltages for empty-state and filled-state measurements, respectively.
Results and Discussion
Based on the characteristics of the experimental STM images, 12) we wish to construct the structural models for the Ba/Si(111) surface and investigate which structural model is appropriate to explain the experimental images. To construct the structural models for the Ba/Si(111) surface which agree best with the experimental STM images, 12) the characteristics of the experimental images are first summarized. Empty state images are characterized with rows separated by ð3 Â ffiffi ffi 3 p =2Þa 0 spacing [a 0 ¼ 3:84 # A is a lattice distance of Si]. Within the row, the protrusions are spaced with 2a 0 distance and form, in combination with those in the neighboring rows, either (3 Â 2) or cð6 Â 2Þ local arrangement. These 3 Â 2 protrusions in the empty state images are interpreted to be Ba atoms, by the analogy with the case of alkali metals. On the other hand, the filled state STM images are characterized by double rows of zigzag chain features which are nearly identical to that reported for the AMinduced Si(111)-3 Â 1 surfaces. It suggests a close resemblance of the Ba/Si(111)-3 Â 2 substrate structure to that of AM/Si(111)-3 Â 1, basically having the same 3 Â 1 Si reconstruction. However, a period doubling resulting in the Â2 periodicity is also observed in the filled-state image. Similar characteristic features were also recently observed in the case of the Ca/Si(111)-''3 Â 1'' 8) surface. There are two basic factors which the atomic model structures of the Ba/Si(111)-3 Â 2 surface should accommodate: (i) the HCC Si substrate reconstruction similar to the AM/Si(111)-3 Â 1 surface and (ii) the protrusions giving a Â2 period along the row in the empty state image. There are two possibilities of assigning the protrusions to Ba atoms. In the case of 1/3 ML Ba coverage, which has been speculated by the analogy with the AM coverage, a single protrusion corresponds to a pair of two Ba atoms or a configuration of them in a 3 Â 2 unit cell. In the other case of 1/6 ML Ba coverage, a single protrusion is simply assigned to a single Ba atom. Several schematic configurations for the 3 Â 2 geometrical structures are presented in Figs. 1(a)-1(d) , where (a)-(c) are for 1/3 ML Ba coverage and (d) is for 1/6 ML.
First, following the case of the AM/Si(111)-3 Â 1 surface, we assume the Ba coverage to be 1/3 ML. Actually, the metal coverage of the Ba/Si(111) surface was estimated to be 1/3 ML as an upper limit using Auger electron spectroscopy measurement, being the same as that of AM/Si(111)-3 Â 1. Within a simple band picture, the AEM coverage of 1/3 ML with the 3 Â 1 structure would lead to a metallic surface in contrast to the semiconducting AM/Si(111)-3 Â 1 surface.
1) However, in this study, we investigate the possibility of explaining the experimental facts within a band picture. Therefore, in order to satisfy the semiconducting property in the band picture and the Â2 periodicity observed in the experimental STM images, we take a 3 Â 2 unit cell with two Ba atoms in it: one immediate 3 Â 2 geometry would be a configuration with all Ba atoms located in the channels, Ba atoms being buckled [ Fig. 1(a) ] or paired [ Fig. 1(b) ]. However, we found those configurations satisfying the necessary condition of the semiconducting property unstable. Rather, an unexpected lowest-energy structure [ Fig. 1(c) ] is found among many structures with the 3 Â 2 surface unit cell having the 1/3 ML Ba coverage. This structure is unexpected in the sense that all the Ba atoms are not in the channels, unlikely to the alkali-metal cases. The newly-found structure is shown to be semiconducting: the band gap is about 0.35 eV. In this equilibrium geometry, one of the Ba atoms is located in the channel and the other is on a honeycomb in the 3 Â 2 unit cell. This structure is lower in energy by 0.43 eV/Ba-atom than the metallic Ba/Si(111)-3 Â 1 structure.
The simulated STM images and equilibrium geometries of this 1/3 ML-Ba structure with half of Ba atoms on the honeycombs are shown in Fig. 2(a) . As shown in the side view [bottom panel of Fig. 2(a) ], there is a large height difference between the Ba atoms on the honeycomb and those in the channel (1.8 # A). Therefore, the empty state image consists of bright protrusions located in the positions of the Ba atoms on the honeycombs. The simple Â2 periodicity of the bright protrusions in the simulated empty state image seems to agree with the experimental one [top panel of Fig. 2(c) ]. The simulated filled-state image, however, differs significantly from the experimental one [middle panel of Fig. 2(c) Now we investigate the other possibility with the 1/6 ML Ba coverage in 3 Â 2 unit cell of the HCC structure, 16) of which schematic configuration is shown in Fig. 1(d) . Since we do not have to consider pairing, buckling, or other novel mechanisms, the 1/6 ML case is simpler than the 1/3 ML case. The 1/6 ML Ba coverage is accommodated by putting one Ba atom in every second 3 Â 1 unit cell of the HCC structure. Four different sites, T 4 , H 3 , B 2 (located in the channel) and C 6 (on the honeycomb) [shown in Fig. 2(b) ] are tested. The surface energies for T 4 and H 3 sites are comparable (the former being lower by only 0.01 eV/Ba), while that of the B 2 and C 6 sites are higher by 0.15 eV/Ba and 0.86 eV/Ba, respectively (see Table I ).
The equilibrium geometry and the simulated STM images for the T 4 site (the most stable among the sites considered in this study) are shown in Fig. 2(b) . Comparison of the simulated [ Fig. 2(b) ] and the experimental STM images [ Fig. 2(c) ] reveals that the simulation well reproduces the experimental images both for the empty states and for the filled states. In the empty state image, the bright protrusions with Â2 periodicity along the channel reflect the Ba atoms, which enables us to assign the protrusions in the experimental empty state image as Ba atoms without any ambiguity. In the filled state image, the zigzag shape across a channel is the clear indication of the saturated danglingbond states of the Si atoms. This implies that the filled state image is very similar to that obtained from the alkali-metal induced Si(111)-(3 Â 1) surface while the metal coverages are different (1/6 ML Ba vs. 1/3 ML alkali-metals). On the other hand, a closer look at the filled state STM image reflects a pairing of Si atoms at the right edge of the honeycomb chain [denoted as r in Fig. 2(b) ], in good agreement with the observed pairing in the experimental image [along the A-A line in Fig. 2(c)] .
Although the substrate reconstruction shows the same HCC structure as in the 1/3 ML alkali-metal cases, the structural modifications induced by one missing Ba atom in every two (3 Â 1) unit cell are noticeable. Without this fact, one might have adopted a novel mechanism, e.g., due to the electron-electron correlation as proposed for the Ca case, 8) to explain the experimental empty state image for the Ba case. Due to the absence of a Ba atom in every second (3 Â 1) unit cell, one honeycomb without a Ba atom just on its left, is more elongated in the perpendicular direction to the chain than the adjacent ones, since that can relax farther into its left side. Thus, the deformation is more noticeable at the left edge of the honeycomb chain [denoted as l in Fig.  2(b) ] compared to the right edge [denoted as r] and can be obviously seen in top and side views of the equilibrium geometry in Fig. 2(b) : Along the chain, the corrugations are 0.13 # A in height and 0.4 # A in the lateral displacement perpendicular to the chain. In short, it is found that the substrate reconstruction also shows Â2 periodicity along the chain direction as well as the Ba adsorption.
The Ba/Si(111)-3 Â 2 surface was shown to be semiconducting by the tunneling current-voltage measurement using STM 12) and angle-resolved photoemission spectroscopy (ARPES).
17) The band gap was determined to be about 1:0 AE 0:1 eV.
12) The band gap calculated for our HCC model with 1/6 ML Ba atoms is about 0.7 eV, which is shown in the plot of the density of states (DOS) in Fig. 3 . Considering that the LDA calculations usually underestimate the band gap, the calculation based on our proposed model reproduce reasonably well the experimental band gap. The analysis shows that the band gap is defined by the energy difference between the occupied surface band originating from Si dangling bond states and the bulk conduction band minimum. Details of the electronic band structure and the wavefunction character of the surface states for the Ba/Si(111)-3 Â 2 surface will be presented and compared with the ARPES results elsewhere. 18) In this paper, we have mainly focused on the HCC structure for Si substrate reconstruction. For completeness of the study, we have also tested other reconstruction structures including Seiwatz-chain and Extended-Pandy-chain model with 1/6 ML. These models are found to have surface energies higher than our HCC model with 1/6 ML by about 1.0 eV/Ba and 0.8 eV/Ba, and the band gaps of about 0.7 and 0.4 eV, respectively. From the viewpoint of energetics, those structures higher in energy than our model were excluded in our detailed consideration. The 1/6 ML metal coverage can naturally resolve all the questions related to the 3 Â 2 periodicity and the semiconducting property for the Ba/Si(111) surface, without considering any mechanism related to the 1D structure such as the charge density wave or the electron-electron correlation. However, since it is difficult to observe the 3 Â 2 LEED pattern for these phases, we should consider the reason for the apparent confliction between LEED and STM. From the experimental viewpoint, we conjecture that the absence of the half-order spots or streaks originates from the presence of numerous defects. Also, based on theoretical calculations, we speculate that even though there is no defect, it is likely that the Ba atoms in the channels can be randomly distributed since the surface energies of T 4 and H 3 sites are comparable. If this is the case, the underlying 3 Â 1 Si substrate may be viewed through the globally disordered top Ba-atom layer, making the observation of 3 Â 2 LEED patterns difficult.
Before closing, it is worth commenting on the 3 Â 2 geometry with 1/3 ML Ba occupying both the honeycomb and channel sites by the equal number of Ba atoms (1/6 ML each). Although this structure does not match with our experimental observation, it is similar to the proposed model for the re-entrant Na/Si(111)-3 Â 1-II phase with the 2/3 ML Na coverage, which was recently observed. 19) The structural model for the re-entrant Na/Si(111)-3 Â 1-II phase also consists of the same HCC Si reconstruction but contains Na atoms both on the honeycombs and in the channels with 1/3 ML each. Therefore, the lowest-energy structure with the 1/3 ML Ba atoms considered in this study, or some other structures with Ba atoms on the honeycombs as well as in the channels, might be possible for some increased Ba coverage samples. Experimentally, two phases with the 5 Â 1 or the 2 Â 1 LEED patterns, respectively, were found for the Ba coverages higher than 1/6 ML obtained by annealing. 20) However, other preparation procedures (for example, the adsorption of extra Ba atoms on the Ba/Si(111)-3 Â 2 surface with 1/6 ML at room temperature) may result in a 3 Â 2 phase with the 1/3 ML Ba atoms. Further investigation is worthwhile to pursue.
Conclusion
The structure of the semiconducting Ba/Si(111)-3 Â 2 surface has been determined from ab initio calculations combined with the STM experiment. Based on the careful investigation of the experimental STM images and the simulated ones for the 1/3 ML and 1/6 ML Ba coverages, it is found that the apparent Ba/Si(111)-''3 Â 1'' phases as viewed in LEED indeed possess a 3 Â 2 structure with metal coverage of 1/6 ML, instead of 1/3 ML. 21) The substrate Si reconstruction is similar to that of AM/Si(111)-3 Â 1, the HCC structure, but the Ba coverage of 1/6 ML is unexpectedly smaller. The calculations reproduce the existence of band gap and the experimental STM images quite well. Thus both the 3 Â 2 periodicity and the semiconducting property are naturally explained by the 1/6 ML metal coverage. We further propose that this structure with the 1/6 ML metal coverage is commonly adopted for other AEMs such as Mg and Ca. On the other hand, we speculate that the structure [ Fig. 1(c) ] with the 1/3 ML Ba atoms considered in this study might be possible in higher Ba coverage samples.
